Загальний опис теми дослідження. Розглядається запропонована авторами методика розрахунку динаміки електромагнітів, що працюють у складних форсованих системах. Подібні форсовані електромагніти широко застосовуються в електромеханічних комутаційних апаратах, зокрема у вакуумних контакторах, для зменшення їх розмірів, споживання енергії та для підвищення швидкодії, що свідчить про актуальність даної теми. Математична модель динаміки форсованої електромагнітної системи, що враховує особливості поведінки у нестаціонарних процесах її окремих елементів -механічної системи, магнітного та електричного кіл з урахуванням взаємодії електромагніта з пристроєм керування під час спрацьовування апарата, містить певні ознаки наукової новизни і є метою статті. Методика розрахунку динаміки форсованих електромагнітів застосовує математичний пакет Maple. В основу розрахунку покладено математичну модель, яка представляє собою систему нелінійних диференційних рівнянь магнітного і електричного кіл, доповнених рівняннями руху елементів механічної системи. Застосування пакету Maple, який багато в чому бере на себе складнощі математичного опису різних процесів, автоматично здійснюючи дуже складні і громіздкі математичні перетворення, дозволяє, уникаючи складних процесів вибору способу чисельного інтегрування, програмування складних й громіздких рівнянь та процедур їх чисельного інтегрування, отримувати результати розрахунків у зручній табличній та/або графічній формі, що свідчить про практичну значущість даної роботи. Наведені у статті результати зіставлення розрахунків з опублікованими раніше експериментальними даними, свідчать про високу ефективність запропонованих моделей та методик. Бібл. 10, рис. 6. Ключові слова: електромагніти, динаміка, форсоване керування, комутаційні апарати, вакуумні контактори, математичний пакет Maple.
Introduction. DC electromagnets are simpler in design than the AC electromagnets as they have higher reliability and durability. In terms of initial traction force, size and mass, however, they lose significantly in comparison to the the AC electromagnets (which are actually forced electromagnets), because during the operation of the electromagnet, the currents in their windings exceed (ten times or more) the values of currents that are in the windings after the operation of the electromagnet. Forced control of DC electromagnets essentially means that during operation a current flows through a winding, whose value significantly exceeds the current permissible under longterm heating, is used to increase the traction force during operation and to increase the speed of the apparatus. After operation, the current in the winding and, accordingly, its magnetomotive force (MMF) are reduced, but the armature of the electromagnet remains in the final (brought) state, since, at small gaps, the traction force is usually superfluous even at small values of MMF.
Forced electromagnetic systems (FEMS) [1] are widely used in drive systems of low and medium voltage electromechanical switching devices, in particular in contactors, which execute switching operations (switching on and off) the main circuits of powerful electric motors and some other objects.
The FEMS usually includes the electromagnetic mechanism (EMM) -the main contact module and the actuator, which provides the execution of switching operations by contacts (in contactors, the actuator's role is most often performed by a forced unpolarized electromagnet with a rotating spring) and a control device (CD) that performs changes in the windings' control circuit to provide the required values of currents both during operation and in the final state. Note, that in the AC electromagnet which is actually forced, since during the operation the current in the winding is much greater than the current in the final state, the values of the current change without any CD due to the difference in the values of the inductance in the released and final states).
When designing switching devices with FEMS, it is necessary to take into account the interaction of the electromagnet with the control device during the operation of the apparatus. Therefore, it is necessary to calculate the dynamics of the electromagnet taking into account the action of the CD. There is a large number of publications devoted to the methods of calculating the dynamics of electromagnets, some of which are listed in references [2 -9] . Nonetheless, in our opinion, insufficient attention is given to the issue of the interaction of the forced electromagnet with a CD taking into account the large variety of existing CDs and some features of operation of forced electromagnets in switching devices.
The goal of the work is to describe the mathematical model of FEMS dynamics, which takes into account peculiarities of behavior in switching devices of individual elements of FEMS during transients, as well as to build a technique for calculating the dynamics of forced electromagnets using the computing environment Maple.
Mathematical model. The calculation of the FEMS dynamics, where the electromagnet is only a part of the control system that contains the power source, the mechanical system, the forced control device and the electromagnet itself, is reduced to a solution of coupled differential equations. These describe the transients in the circuits of the windings and in the circuits of the forced control device of these windings, transients in magnetic circuits of electromagnets taking into account the effect of eddy currents. They also describe the dynamics of the moving part of the switching device, namely, the armature of the electromagnet, the main contacts of the apparatus, mechanical parts that connect armature with moving contacts (levers, rods, springs, etc.). In many cases, forced control systems are designed so that, when the switching device is operated, the circuit diagrams of the windings are automatically changed if there are several windings or if there are certain changes in the circuits of the forced control device. In the process of performing the on and off operation of the device, also the mass (the moment of inertia) of the moving system can significantly change. If the switching of the main circuits uses vacuum interrupters, the process of movement is significantly affected by bellows and the actual vacuum, which "prevents" the opening of the contacts, pulling the moving contact to the fixed one. All of the abovementioned factors must be taken into account by creating separate fragments of the mathematical model of the dynamics of the electromagnet in the composition of the forced control system, i.e., writing the equation for transients in the mechanical system, as well as in the magnetic and electric circuits of the forced electromagnetic system.
Transients in the mechanical system of the switching device. Kinematics of switching devices in many cases are built so that the part of moving elements carries translational motion, and the other part carries rotary motion ( Fig. 1 ). Since the angles of rotation of moving parts in actual apparatus are relatively small and usually do not exceed 10-15, a rotating motion with a slight error can be reduced to a translational motion relative to an element adopted as a basic one. Such element may be, for example, an actuator whose armature moves progressively along the axis of the actuator, which is at a distance r a from the axis of rotation O of the lever, to which other parts of the switching device are attached and which operate at different distances (shoulders) from the axis O. From the initial armature position the path s passed by the actuator is measured. In calculating the dynamics of motion reduced to the motion of the base element (in our case, to the actuator's armature), the masses of parts moving at different distances from the O axis must be replaced by reduced masses in accordance with the condition of maintaining the moment of inertia. For example, the reduced mass d m of the part with mass m d acting at distance r d from the O axis is given by the formula:
If the moment of inertia J of some part, for example of the lever shown in Fig. 1 , is known, then the calculation of its reduced mass is carried out according to the formula:
(2) Thus, the actuator's mass reduced to the axis of the actuator's motion for the fragment shown in Fig. 1 will be equal to:
The forces that counteract the movement of the actuator's armature must also be replaced by reduced forces, which are calculated in accordance with the condition of maintaining the moment of force. During the operation of the switching device, two stages of the motion of its mechanical system can be observed: the first stage -from the initial position (position of rest) to the initial contact position (0 < s < s c ) and the second stagefrom the of initial contact position to the end position (s c < s < s k ). At the first stage, the reduced mass of moving parts is comprised of the reduced mass of the mechanical system m v and a reduced mass of moving contacts m с . At the second stage, the moving contacts stop -they are faced with fixed contacts, therefore the reduced mass of moving parts is almost abruptly reduced to the value m v
Thus, when the switching device operates, there is a motion with a variable mass, which is described by such a system of differential equations:
where F is the electromagnetic force providing the actuator's movement, F r is the reduced force that counteracts the movement of the actuator's armature, v is the speed of the actuator's armature, s is the path passed by the armature from the beginning of the movement, t is time.
After performing the differentiation operation in (6), we obtain:
Function (5) is discontinuous, at its differentiation there are pulsed functions which makes it practically impossible to carry out further calculations using (8), therefore we have applied the approximation of this function with the use of hyperbolic tangent. As a result, the following expression is obtained:
where A is a suitably chosen large constant number.
The function (9) is smooth, allowing for a differentiation operation, but the mathematical expression of the derivative is very cumbersome, but the Maple computing environment does not require the programmer to perform transformations related to bringing the equations to a canonical form: this code performs all the required complex algebraic transformations itself. In the Maple environment it is only necessary to write expressions (7) , (8) , (9) and write the command that provides the solution of the system of differential equations.
The force F r , which counteracts the movement of the actuator's armature is formed due to the action of the rotary and contact springs, the action of forces of the deformation of the bellows, the action of vacuum and friction. This force has a step-by-step nature, but since it does not require differentiation, the corresponding expression in the code can be written as follows:
where F 1 , F 2 are the values of reduced countermeasures force, respectively, at the beginning and end of the first stage of the movement of the mechanical system of the apparatus; F 3 , F 4 are the values of reduced countermeasure force, respectively, at the beginning and end of the second stage of the movement of the mechanical system of the apparatus. The difference between F 3 and F 2 must be equal to the sum of the values of the initial contact forces at all poles of the apparatus.
Transients in the magnetic circuit. A mathematically rigorous calculation of transient magnetic field can be carried out by solving a system of nonlinear partial differential equations featuring the magnetic vector potential A. Similar problems are solved relatively simply for 2D plane-parallel or plane-meridian fields [9] . In such cases, where the total costs of simulating high-fidelity 3D models is inacceptably high and even 2D models are not applicable, alternative techniques may need to be used including those that have proven themselves well in the past. Such a technique for magnetic circuits is a method of electromagnetic analogies, complemented by new features provided by modern software products, in particular the Maple code. Figure 3 shows an substitution circuit of the magnetic circuit of a double-rod electromagnet used in the vast majority of vacuum and low voltage contactors. In contrast to the well-known circuit, which is given in many sources, in particular in [1] , in this circuit, on each section of the core, divided along the axis into n equal parts, the «eddy» MMFs that arise during transients are introduced: 
In (11), (12) and in Fig. 3 the following notation is used: G c is the electrical conductance of the equivalent shortcircuited circuit in the eddy current path that arises in the area with the number j divided into n equal parts of the core of length l c , G a(y) is the electrical conductance of the equivalent short-circuited circuit in the eddy current path generated in the armature,  j is the magnetic flux through the area of the core with the number j. The variables  a ,  y are magnetic fluxes through the armature and the yoke, respectively. The variable F m denotes the MMF of one coil 1 , F m is the MMF of one part of the coil, divided into n equal parts (F m = F m / n), R ma , R my are the magnetic resistance of the armature and yoke, respectively. The variable R mсj is the magnetic resistance of the core section with the number j,  0 is the magnetic conductivity of the working gap,  of is the magnetic conductivity of outflow which falls on one area of the core. The variables F mа , F my describe the «eddy» MMFs arising respectively in the armature and yoke; F mcj is the «eddy» MMF that occurs in the core section with the number j.
The calculation of the magnetic resistances R mсj , R ma , R my , the electrical conductances G c , G a , G y , as well as the magnetic conductance of outflow  of is carried out according to the formulas: 
where  is the specific magnetic conductivity of outflow;
in the case of two parallel circular cores we have:
(18)
The conductances of working gaps can be calculated by the method of enlarged field tubes:
1 Electromagnet, the circuit of which is shown in Fig. 3 , is doublerod, so it has two identical coils, each of which can have one or more windings. In the first case, the MMF of the coil is equal to the MMF of its winding, in the second case, the MMF of the coil is equal to the sum of MMFs of windings with different number of turns and different currents in them.
In (13)-(19) we indicate:  is the relative magnetic permeability, i.e., a nonlinear function (for a specific magnetic material; this function, depending on the magnetic flux density, is usually given in tabular form.), d c , S c are the diameter and cross-sectional area of the core, d p , S p , l p are the diameter, cross-sectional area and thickness of the pole tip, l is the distance between the axes of the cores and  is the working air gap between the pole tip and armature.
The calculation of the magnetic circuit makes it possible to determine the magnetic fluxes, and thus the traction force created by the electromagnet. On the other hand, the traction power determines the movement of the mechanical system, therefore, processes in the mechanical system and in the magnetic circuit are interrelated. These processes, however, are inextricably coupled with processes in electrical circuits, which we consider below.
Transients in the electric circuit. In this paper, choosing from a lot of existing systems of forced control, we consider a system, which is most often used in low and medium voltage contactors (Fig. 4 ). Fig. 4 . Principle electrical circuit of a widespread system of forced control that is used in low and medium voltage vacuum contactors and in some SF6 medium voltage contactors [10] ; u is the instantaneous value of the nominative voltage of the control circuit; u 0 is the voltage at the output of the diode bridge This forced control system provides power supply from a DC or AC source:
where f is the frequency,  is the initial phase.
Thus, the voltage at the output of the diode bridge can be constant or rectified, but in any case, the voltage reduction due to its drop in the bridge diodes should be taken into account, which can be especially significant when powered from the network of ultra-low voltage:
In this paper, the nonlinear characteristic of the diode is replaced by a piecewise linear dependence: a very large resistance to R rd at negative (reverse) currents, at relatively large positive currents of the voltage drop on the diode is considered to be a constant value of U d0 , and at relatively small positive currents smaller than some value I 0 , the diode is considered as a resistor with resistance U d0 / I 0 : Another feature of this system of forced control -it involves the use of an electromagnet with two coils, each of which has two windings -booster (B) and holding (H). Booster windings are wound by a wire of a relatively large diameter and have a large MMF. These windings operate short-term -during the operation of the electromagnet, when the control auxiliary contact KM is closed, and as a result they are connected in series, connected to the power supply to the control circuit, and generate the MMF that is sufficient to allow the contactor to operate. After operation of the contactor, the contact KM opens and the retaining windings are connected in series with the booster windings. These are wound with a relatively thin wire. As a result, they have considerably greater resistance and considerably less MMF, which at a small gap is sufficient to hold the armature of the electromagnet in the pulled state. Capacitor C provides efficient arc extinguishing at interruption of high current that passed through the booster windings, and the diode VD2 prevents countercurrent in the holding windings when the contactor is braked, and in some cases even blocks the operation of the apparatus.
This electric circuit is often considered to be too complicated for programming, but its description is much simpler if the parallel connection of the capacitor C with the auxiliary control contact KM, which is closed when the coordinate s of the armature stroke does not exceed the value of the coordinate s a at which the opening of this contact occurs, to replace with one capacitor with very high capacitance C M when s  s a , and at s > s a the capacitance of this capacitor becomes equal to its nominal value C 0 :
In this case, we obtain the following differential equations for electric circuits:
In these three equations, the unknown values are currents i B , i H , voltage u C and magnetic flux  0 , but the latter is determined when solving the corresponding magnetic circuit equation. Note that the Maple code does not require representing the task of integrating systems of differential equations in the form of a system solved with respect to the first derivatives. It independently chooses the method and step of integration, as well as independently performs complex algebraic transformations, which makes it an valuable tool for solving complex problems of forced systems dynamics calculation.
Model validation on a full specimen.
Data of experimental studies of industrial samples of vacuum contactors are presented in one of the previous papers [10] , where forced control systems were used as in Fig. 4 . In particular, the oscillograms of the dynamic characteristics of the currents in the booster and holding windings were obtained at the power supply of the control system from DC and AC sources. The experimental data were compared with the results of calculations performed using a simplified model of the magnetic circuit, which was considered as a circuit with lumped parameters (Fig. 5 ). 
